Synaptic repair in the ischemic brain is a complex process that requires reorganization of the actin cytoskeleton. Ezrin, radixin, and moesin (ERM) are a group of evolutionarily conserved proteins that link the plasma membrane to the actin cytoskeleton and act as scaffolds for signaling transduction. Urokinase-type plasminogen activator (uPA) is a serine proteinase that upon binding to the urokinase-type plasminogen activator receptor (uPAR) catalyzes the conversion of plasminogen into plasmin on the cell surface and activates intracellular signaling pathways. Early studies indicate that uPA and uPAR expression increase during the recovery phase from an ischemic stroke and that uPA binding to uPAR promotes neurorepair in the ischemic brain. The in vitro and in vivo studies presented here show that either the release of neuronal uPA or treatment with recombinant uPA induces the local synthesis of ezrin in the synapse and the recruitment of ␤3-integrin to the postsynaptic density (PSD) of cerebral cortical neurons by a plasminogen-independent mechanism. We found that ␤3-integrin has a double effect on ezrin, inducing its recruitment to the PSD via the intercellular adhesion molecule-5 (ICAM-5) and its subsequent activation by phosphorylation at Thr-567. Finally, our data indicate that by triggering the reorganization of the actin cytoskeleton in the postsynaptic terminal, active ezrin induces the recovery of dendritic spines and synapses that have been damaged by an acute ischemic stroke. In summary, our data show that uPA-uPAR binding promotes synaptic repair in the ischemic brain via ezrin-mediated reorganization of the actin cytoskeleton in the postsynaptic terminal. . 2 The abbreviations used are: ERM, ezrin, radixin, and moesin; uPA, urokinasetype plasminogen activator; uPAR, uPA receptor; ruPA, recombinant uPA; PSD, postsynaptic density; ICAM, intercellular adhesion molecule; CNS, central nervous system; ROCK, Rho-associated protein kinasel; GPI, glycosyl phosphatidylinositol; ANOVA, analysis of variance; tMCAo, transient occlusion of the middle cerebral artery; OGD, oxygen and glucose deprivation; SS, saline solution; pERM, ERM phosphorylated at Thr-567/Thr-564/ Thr-558; MCA, middle cerebral artery; Sc-siRNA, scramble siRNA. cro ARTICLE 9234
The structural and functional repair of synapses that have been damaged by an acute ischemic stroke requires reorganization of the synaptic actin cytoskeleton by a mechanism that is still incompletely understood (1) . Ezrin, radixin, and moesin (ERM) 2 are a group of evolutionary conserved proteins that regulate the reorganization of the actin cytoskeleton (2) and the formation of microvilli, filopodia, and lamellipodia (3) . They share band 4.1 as a common origin (4) , and their N and C termini harbor a FERM (four point one ERM) domain and an F-actin binding site, respectively (5) , that allows them to link membrane proteins to the actin cytoskeleton and act as scaffolds for signaling transduction between the extracellular and intracellular compartments. ERMs are pivotal for development, differentiation (6) , formation of immunological synapses, and cancer progression (2, 7) ; and despite the fact that their role in the central nervous system (CNS) is not completely understood, several reports have linked their activation in the brain to axonal growth cone guidance (8) , neuritogenesis (9) , synaptic plasticity (10) , and the growth of astrocytic tumors (11) .
In the cytosol ERMs exist in an inactive conformation, in which their C terminus binds to part of the FERM region, thus concealing the F-actin-and membrane-binding sites (2) . However, following their recruitment to areas of the plasma membrane with high concentrations of phosphoinositides, ERMs are activated by phosphorylation at conserved regulatory threonine residues (Thr-567, Thr-564, and Thr-558, in ezrin, radixin, and moesin, respectively) (7) by several kinases such as Rho-associated protein kinase (ROCK), G protein-coupled receptor kinase 2, protein kinase C, and NF-B-inducing kinase (4) .
Urokinase-type plasminogen activator (uPA) is a serine proteinase that upon binding to the urokinase-type plasminogen activator receptor (uPAR) catalyzes the conversion of plasminogen into plasmin on the cell surface. However, besides regulating the activity of the plasminogen activation system, uPA binding to uPAR also activates intracellular cell signaling pathways via plasmin-dependent and -independent mechanisms that promote tissue remodeling, inflammation, chemotaxis, cell proliferation, adhesion, and migration (12) . uPAR is a gly-cosyl phosphatidylinositol (GPI)-anchored glycoprotein that needs to associate with transmembrane receptors to activate intracellular signaling pathways (13) . Integrins are heterodimeric transmembrane cell surface glycoproteins assembled of ␣and ␤-subunits that link the extracellular matrix to the cytoskeleton and transduce signals across the cell membrane (14) . They are the most important transmembrane receptors associated with uPAR and confer specificity to its signaling output (15) .
The roles of uPA and uPAR in the adult CNS are poorly understood. Indeed, whereas both are abundantly found in the developing brain (16, 17) , their expression in the mature CNS is restricted to few growth cones and dendrites (18, 19) . However, recent experimental evidence has shown that the expression of uPA and uPAR in the ischemic brain increases to levels comparable with those observed during development and that binding of uPA to uPAR promotes functional recovery following an acute ischemic stroke (18 -20) .
Intercellular adhesion molecules (ICAMs) are a family of type I transmembrane proteins that contain 2-9 immunoglobulin-like C2-type domains. ICAMs bind to integrins (21, 22) and play a central role in the activation of intracellular signaling pathways, inflammation, and immune responses. There are five known members of the ICAM family: ICAM-1, -2, and -3 are found in leukocytes, platelets and endothelial cells, ICAM-4 is present in red cells, and ICAM-5 is detected only in the postsynaptic terminal of excitatory neurons (23, 24) , where it induces dendritic outgrowth (25) and the formation and maintenance of dendritic filopodia (26) . Importantly, ICAM-5 binds to ezrin (26) , and its interaction with ␤3-integrin promotes synaptogenesis (22) .
The studies presented here show that uPA binding to uPAR induces the local synthesis of ezrin in the synapse and the recruitment of ␤3-integrin to the postsynaptic density (PSD) of mature cerebral cortical neurons. Our data indicate that this is followed by ␤3-integrin-induced mobilization of ICAM-5 to the postsynaptic terminal and ICAM-5-mediated recruitment of ezrin to the PSD. Furthermore, we found that once in the PSD, ezrin undergoes ␤3-integrin-mediated activation by phosphorylation at Thr-567 and that active ezrin triggers the reorganization of the actin cytoskeleton in the postsynaptic terminal, promoting the recovery of dendritic spines and synaptic contacts that have been lost to an acute hypoxic injury in vitro and an ischemic stroke in vivo. In summary, the data presented here indicate that binding of either endogenous uPA or recombinant uPA (ruPA) to uPAR promotes synaptic repair in the ischemic brain via ezrin-mediated, ␤3-integrinand ICAM-5regulated, reorganization of the actin cytoskeleton in the postsynaptic terminal. This novel function of uPA-uPAR binding in the brain has significant translational relevance for the treatment of acute ischemic stroke patients.
Results

Effect of uPA on synaptic ERM proteins
Because our earlier work indicates that the release of neuronal uPA promotes synaptic recovery in the ischemic brain (18 -20) , we then decided to investigate the effect of uPA on the synapse. First, we used LC coupled to tandem MS to quantify changes in protein abundance in synaptoneurosomes prepared from WT cerebral cortical neurons treated for 60 min with 5 nM of uPA or a comparable volume of vehicle (control). We found that compared with vehicle-treated cells, uPA increases the synaptic abundance of ezrin (2.1 Ϯ 0.27-fold), radixin (1.6 Ϯ 0.12-fold), and moesin (1.4 Ϯ 0.03-fold; n ϭ 3 observations per experimental group, p Ͻ 0.05 compared with controls; one-way ANOVA). To corroborate these findings, synaptic extracts prepared from WT cerebral cortical neurons treated 0 -60 min with 5 nM of uPA were immunoblotted with antibodies against ezrin, radixin, or moesin. Our data indicate that uPA increases the synaptic abundance of ezrin ( Fig. 1, A and B) but not radixin ( Fig. 1, C and D) . Additionally, we failed to detect moesin in the synapse (data not shown). Furthermore, our experiments with uPA's N-terminal fragment (ATF, contains uPA's growth factor-like and kringle but not its proteolytic domain) show that the effect of uPA on ezrin does not require plasmin generation ( Fig. 1, E and F) . Importantly, the observation that uPA increases the abundance of ezrin in synaptic ( Fig. 1, A and B) but not whole-cell extracts (Fig. 1 , G and H) suggests that uPA promotes either the mobilization of ezrin from neuronal extensions into the synapse or the local translation of ezrin mRNA in the synapse. The latter possibility was supported by the finding that puromycin abrogates the effect of uPA on the abundance of ezrin in the synapse (Fig. 1, I and J) .
uPA induces the recruitment of ezrin to the postsynaptic density
Synaptoneurosomes are assembled by the sealed axonal bouton and the attached postsynaptic terminal. Thus, to identify the synaptic compartment where uPA increases the abundance of ezrin, we quantified the number of bassoon/ezrin (denotes presynaptic ezrin)-and PSD-95/ezrin (indicates postsynaptic ezrin)-positive puncta in WT cerebral cortical neurons treated during 60 min with 5 nM of uPA or a comparable volume of vehicle (control). We found that although uPA does not have an effect on the expression of ezrin in the presynaptic terminal, as denoted by an unchanged number of bassoon/ezrin-positive puncta (Fig. 2 , A and B; n ϭ 450 neurons/experimental group, p ϭ 0.63, one-way ANOVA), it augments it in the PSD, as indicated by an increase in the number of PSD-95/ezrin-positive puncta from 9.3 Ϯ 1.9/50 m in control neurons to 15.42 Ϯ 2.8/50 m in uPA-treated cells (Fig. 2 , C and D; n ϭ 450 neurons per experimental group; p ϭ 0.04, one-way ANOVA). To further characterize these findings and to determine whether uPAR mediates this effect, we studied the expression of ezrin in PSD extracts prepared from WT and uPAR-deficient (uPAR Ϫ/Ϫ ) cerebral cortical neurons treated with uPA or vehicle (control) and from WT neurons treated with uPA alone or in the presence of anti-uPAR blocking antibodies. Our data not only corroborate the results of our immunocytochemical studies that uPA increases the abundance of ezrin in the PSD (Fig. 2 , E and F) but also reveals that this effect is mediated by its binding to uPAR (Fig. 2, G and H) . Because our earlier studies indicate that the expression of uPA and uPAR increases in the ischemic brain, to determine the in vivo relevance of our findings we studied the abundance of ezrin in PSD extracts pre-uPA reorganizes the synaptic cytoskeleton pared from the left frontoparietal cortex of WT, uPA Ϫ/Ϫ , uPAR Ϫ/Ϫ , and Plau GFDhu/GFDhu mice (with a 4 -amino acid mutation in uPA's kringle domain that precludes its binding to endogenous uPAR (27) ), 30 min after transient occlusion of the middle cerebral artery (tMCAo) or sham operation. We found that binding of endogenous uPA to uPAR increases the abundance of ezrin in the PSD of neurons that have suffered an ischemic injury (Fig. 2 , I and J).
␤3-Integrin and ICAM-5 mediate uPA-induced recruitment of ezrin to the postsynaptic density
Next, we investigated the mechanism whereby uPA promotes the recruitment of ezrin to the PSD. Because uPAR is a GPI-anchored receptor that needs a co-receptor to activate intracellular signaling (13) and because our previous work has demonstrated that ␤1-integrin mediates the effect of uPAR on axonal repair (19) , we then studied whether ␤1-integrin also mediates the effect of uPA-uPAR binding on the recruitment of ezrin to the PSD. Surprisingly, we found that treatment with anti-␤1-integrin blocking antibodies does not abrogate the effect of uPA on the abundance of ezrin in the PSD (Fig. 3, A and  B) . Because uPAR also interacts with ␤3 integrin (28), we then decided to perform similar observations with anti-␤3-integrin blocking antibodies. Our data indicate that uPA promotes the recruitment of ␤3-integrin to the PSD (Fig. 3 , C and D) and, importantly, that treatment with anti-␤3-integrin blocking antibodies abrogates uPA-induced mobilization of ezrin to the PSD (Fig. 3 , D and E). Because ␤3-integrin binds to the intercellular adhesion molecule-5 (ICAM-5) (22) and because ICAM-5 promotes the recruitment of ezrin to the neuronal plasma membrane (26), we then used PSD extracts to investigate whether uPA has an effect on ICAM-5. Our data indicate that uPA promotes the recruitment of ICAM-5 to the PSD (Fig.  3 , F and G) and that this effect is mediated by ␤3-integrin ( Fig. 3 , H and I). To determine whether uPA-induced, ␤3-integrin-mediated recruitment of ICAM-5 to the PSD leads to the mobilization of ezrin to the postsynaptic terminal, we used confocal microscopy to quantify the co-localization of ICAM-5 and ezrin in dendrites of WT cerebral cortical neurons treated with uPA or a comparable volume of vehicle (control). We found that ezrin-immunoreactive dots are larger in uPA-treated cells and that each one frequently co-localizes with several ICAM-5-positive puncta. However, when each ezrin-immunoreactive dot is quantified as a single instance of co-localization regardless the number of ICAM-5-positive puncta associated with it, the percentage of ezrin-positive dots that co-localizes with ICAM-5 increases from 40.8 Ϯ 3.45 in control cells to 55 Ϯ 3.2% in uPA-treated neurons (Fig. 3 , J and K; n ϭ 40 cells per experimental group, p ϭ 0.008, t test). Together, our results show that uPA not only promotes the local synthesis of ezrin in the synapse but also its ␤3-integrin-regulated, ICAM-5-mediated recruitment to the PSD.
␤3-Integrin mediates uPA-induced ezrin phosphorylation in the PSD
Because for their activation ERM proteins require their phosphorylation at conserved regulatory threonine sites (7) , synaptic extracts prepared from WT neurons treated for 0 -60 min with 5 nM of uPA were immunoblotted with an antibody that detects ezrin, radixin, and moesin phosphorylated at Thr-567/ Thr-564/Thr-558 (pERM), respectively. We found a significant increase in the abundance of pERM in the synapse of uPAtreated neurons (Fig. 4, A and B) . Because our data show that uPA does not have an effect on the expression of radixin and moesin ( Fig. 1 ), our immunoblot most likely reflects the presence of phosphorylated ezrin. This observation is further supported by our experiments with phospho-affinity PAGE and anti-ezrin antibodies that identified ezrin ( Fig. 4 , C and D) and uPA reorganizes the synaptic cytoskeleton not radixin (Fig. 4 , E and F) as the ERM protein phosphorylated in the synapse upon treatment with uPA. To study the possibility that the increase in phosphorylated ezrin (pEzrin) observed in the synapse of uPA-treated neurons is an epiphenomenon caused by the increase in the synaptic abundance of total ezrin also induced by uPA (see Fig. 1A and the lower band in Fig. 4C ), we performed similar observations with whole-cell extracts, where our data show that uPA does not increase the abundance of total ezrin (Fig. 1, G and H) . Our finding that in whole-cell extracts uPA increases the abundance of pEzrin without modifying the levels of total ezrin (Fig. 4 , G and H) indicates that uPA induces not only the synthesis of ezrin in the synapse uPA reorganizes the synaptic cytoskeleton ( Fig. 1, A and B ) but also its activation by phosphorylation. Because our data indicate that uPA induces the recruitment of ␤3-integrin to the PSD and because integrin signaling may induce protein phosphorylation (29), we then investigated whether ␤3-integrin also mediates the effect of uPA on the phosphorylation of ERM proteins in the synapse. Our finding that treatment with anti-␤3-integrin blocking antibodies abrogates the effect of uPA on ERM proteins phosphorylation in synaptoneurosomes ( Fig. 4 , I and J) indicates that ␤3-integrin promotes not only ICAM-5-mediated recruitment of ezrin to the PSD but also its activation by phosphorylation.
uPA induces ezrin-mediated reorganization of the actin cytoskeleton in the postsynaptic terminal
Because membrane recruitment and phosphorylation of ezrin promotes the formation of F-actin bundles (2), we then used a phalloidin/rhodamine-coupled actin assay that detects new actin polymerization to investigate the effect of uPA on the reorganization of the actin cytoskeleton in the postsynaptic terminal. First, we quantified the total rhodamine/actin-positive area (denotes newly formed actin) in dendrites from WT cerebral cortical neurons treated for 60 min with 5 nM of uPA or a comparable volume of PBS. We found that the area of newly formed actin increases from 49.1 Ϯ 8.6 m 2 in control cells to 84.9 Ϯ 1.51 m 2 in uPA-treated neurons (Fig. 5 , A and D; n ϭ 450 neurons per experimental group; p ϭ 0.01, one-way ANOVA). To investigate whether this effect is mediated by ezrin, we performed similar observations in neurons treated with uPA in the presence of ezrin siRNA ( Fig. 5, B-D) . Our data indicate that ezrin down-regulation abrogates the effect of uPA on actin formation (area of newly formed actin: 38.8 Ϯ 4.24 m 2 ; n ϭ 450 neurons per experimental group; p Ͻ 0.0001 when uPA treated neurons are compared with neurons treated with uPA in the presence of ezrin siRNA; one-way ANOVA).
uPA induces ezrin-mediated formation of dendritic spines
Because actin polymerization in the postsynaptic terminal underlies the formation of dendritic spines (30), we then decided to quantify the number and length of dendritic protrusions in WT neurons treated with 5 nM of uPA or vehicle (con- . The data are expressed as means Ϯ S.E. for n ϭ 4 observations. K, representative confocal microscopy pictures taken at 40ϫ magnification of dendrites from WT cerebral cortical neurons stained with anti-ezrin (red) and anti-ICAM-5 (green) antibodies following 60 s of incubation with 5 nM of uPA or vehicle (control: C). L, mean percentage of ezrin-positive puncta that co-localizes with ICAM-5 in dendrites of 40 WT neurons from three different cultures incubated with uPA or vehicle (control) as described for I. The data are expressed as means Ϯ S.E. for n ϭ 30 observations per experimental group.
uPA reorganizes the synaptic cytoskeleton trol). Our data indicate that uPA increases the number of dendritic protrusions/50 m from 16.6 Ϯ 1.25 to 28.2 Ϯ 1.0 ( Fig. 6 , A and B; n ϭ 300 neurons per group; p ϭ 0.0001, two-way ANOVA) and that most of them are filopodia with a mean length of 2.05 Ϯ 0.32 m (Fig. 6 , C and D; p Ͻ 0.0001 compared with the length of protrusions in control neurons; two-way ANOVA). To determine whether this effect is mediated by ezrin, we performed similar observations with neurons treated with ezrin siRNA before incubation with uPA. We found that ezrin mediates uPA-induced formation of dendritic protrusions ( Fig. 6, B-D) . To determine whether the effect of uPA is limited to dendritic spines or if instead it also involves the proximal dendritic tree, we quantified the number of dendritic branches 10 -90 m away from the soma of WT neurons treated with uPA or a comparable volume of vehicle (control). We found that uPA also increases the number of dendritic branches in the proximal dendritic tree (Fig. 6, E and F) and that this effect is mediated by ezrin as it is abrogated by ezrin siRNA (Fig. 6G) .
uPA promotes ezrin-mediated synaptic recovery in the ischemic brain
Cerebral ischemia causes a rapid decrease in the number of synaptic contacts (20) . Because the growth of dendritic spines is followed by the formation of new synaptic contacts (31), we then decided to investigate whether uPA-induced ezrin-medi- uPA reorganizes the synaptic cytoskeleton ated growth of dendritic spines leads to the formation of new synaptic contacts in neurons that have lost their synapses following an acute hypoxic/ischemic injury. First, WT neurons were exposed to 5 min of oxygen and glucose deprivation (OGD), which our previous studies indicate decreases the number of synaptic contacts without causing cell death (20) . Immediately after the end of OGD, neurons were treated with 5 nM of uPA or a comparable volume of PBS. Twenty-four hours later the cells were fixed, and the number of intact synaptic contacts was determined with confocal microscopy analysis in samples immunostained with antibodies against bassoon and PSD-95. We found that the number of synapses/35 m decreases from 36.97 Ϯ 2.47 in neurons kept under normoxia to 6.37 Ϯ 0.75 and 3.43 Ϯ 0.96 in those exposed to OGD and treated with either PBS or uPA, respectively (Fig. 7, A and B; n ϭ 66 -74 neurons from three different cultures per experimental group; Green is bassoon, and red is PSD-95. B, mean number of synaptic contacts in WT neurons exposed to the experimental conditions described in A. n ϭ 66 -74 extensions examined per experimental group from neurons from three different cultures. The lines denote S.E. C, mean number of intact synaptic contacts in WT neurons treated with ezrin siRNA or Sc-siRNA and exposed to 5 min of OGD conditions. Twenty-four hours later, the cells were treated with 5 nM of uPA or as comparable volume of PBS. n ϭ 40 neurons from three different cultures per experimental group. The lines denote S.E. D and E, representative confocal microscopy pictures at 60ϫ magnification and electronically enlarged 4.6 times (D) from the ischemic area (panels a and c) and a comparable zone in the contralateral nonischemic hemisphere (panels b and d), and quantification of number of intact synaptic contacts in each area (E), in WT mice following 30 min of tMCAo and 24 h of recovery. The animals were intravenously treated with either SS or ruPA 24 h after tMCAo. Three hours later, the brains were harvested for the different observations. n ϭ 14 cuts examined per animal from three different animals per experimental group. The lines in E denote S.E. uPA reorganizes the synaptic cytoskeleton p Ͻ 0.001 when neurons maintained under normoxia are compared with those exposed to OGD, and p ϭ 0.31 when neurons treated immediately after OGD with uPA are compared with those treated with PBS; one-way ANOVA).
Because our earlier studies indicate that neurons up-regulate uPAR 6 -24 h after the beginning of the recovery phase from an acute hypoxic/ischemic injury (18, 19) and because our data indicate that the effect of uPA on ezrin is mediated by uPAR, we repeated similar observations in neurons treated with uPA 24 h after the end of 5 min of OGD. Surprisingly, we found that the number of intact synaptic contacts/35 m increases from 6.37 Ϯ 0.75 in cells left untreated to 15.72 Ϯ 1.2 in neurons treated with uPA 24 h later ( Fig. 7, A, panel d, and B ; n ϭ 72 extensions examined from neurons from three different cultures per experimental group, p ϭ 0.001; one-way ANOVA). To determine whether ezrin mediates the effect of uPA on synaptic recovery after OGD, we repeated these observations with neurons treated with ezrin siRNA. Our data indicate that ezrin down-regulation abrogates the effect of uPA on synaptic recovery after OGD (Fig. 7C) .
To determine the in vivo significance of these results, we quantified the number of intact synaptic contacts in the ischemic tissue and in a comparable area of the contralateral nonischemic hemisphere of WT mice intravenously treated with ruPA or a comparable volume of saline solution (SS) after 24 h of recovery from 30 min of tMCAo. We found that the number of intact synaptic contacts/2100 m 2 decreases from 580.5 Ϯ 68.76 in the nonischemic tissue to 38.41 Ϯ 6.2 and 205.2 Ϯ 35.47 in the ischemic area of saline solution-and uPA-treated mice, respectively (Fig. 7 , D and E; n ϭ 14 cuts examined from 3 different animals per experimental group; p Ͻ 0.001 when the number of synaptic contacts in the nonischemic tissue is compared with the number of synapses in the ischemic area of SStreated mice, and when the number or synapses of SS-treated mice are compared with those of uPA-treated animals; one-way ANOVA).
Discussion
The last two decades have witnessed a growing interest on the role of uPA and uPAR in the brain. Accordingly, it has been shown that during development the protease and its receptor are abundantly found in neurons (16, 17) and that uPA binding to uPAR promotes neuritogenesis and neuronal migration (32) . In contrast, the expression of uPA in the mature CNS is limited to well defined groups of neurons, mainly in the hippocampus and some subcortical structures (33) , uPAR is found in few growth cones and dendritic spines (18, 19) , and the role of uPA-uPAR binding is yet unclear.
In contrast, our earlier studies indicate that during the recovery phase from an acute ischemic injury to the brain the expression of uPA and uPAR increases to levels comparable with those observed during development (18) and that binding of uPA to uPAR promotes functional recovery following an acute ischemic stroke (18, 19) . Importantly, we have found that although the best known role for uPA is to catalyze the conversion of plasminogen into plasmin on the cell surface, in the injured brain uPA activates several cell signaling pathways via plasmin-independent mechanisms that promote synaptic repair (20) . Here we show that uPA-uPAR binding promotes the reorganization of the actin cytoskeleton in the postsynaptic density and that this effect leads to synaptic recovery in neurons that have suffered an acute ischemic injury.
The ability of ERM proteins to link the extracellular matrix to the underlying actin cytoskeleton bestows on them a pivotal role in multiple and diverse biological processes including the reorganization of the actin cytoskeleton, cell survival, control of cortical changes during mitosis (34) , cell adhesion, and formation of membrane protrusions such as filopodia, lamellipodia, apical microvilli, and ruffling membranes (4) . The expression of ERMs seem to be tissue-specific, with epithelial cells expressing mostly ezrin and endothelial cells predominantly containing moesin (2, 7) . In line with these observations, our data indicate that ezrin and radixin, but not moesin, are found in the synapse and that only the expression and activation of ezrin changes in response to uPA. Significantly, we found that the effect of uPA on ezrin is limited to the PSD and is independent of the generation of plasmin. Moreover, although it has been reported that uPAR promotes moesin-mediated endothelial cell migration (35) , this is the first report of an effect of uPA-uPAR binding on the expression of ERM proteins, namely ezrin, in the central nervous system.
The finding that uPA increases ezrin expression in synaptic but not whole-cell extracts suggests that uPA either promotes the mobilization of ezrin from the dendritic shaft into the synapse or induces the local translation of ezrin mRNA. Our observation that puromycin abrogates the effect of uPA on the synaptic expression of ezrin not only supports the latter hypothesis but also suggests that uPA-induced ezrin expression in the synapse plays a central role in processes such as synaptogenesis and synaptic plasticity that require the rapid reorganization of the actin cytoskeleton. Furthermore, these results agree with reports by others indicating the presence of polyribosomes and local mRNA translation in the postsynaptic terminal (36) .
Our data indicate that uPAR mediates the effect of uPA on ezrin in the PSD. However, because uPAR is a GPI-anchored glycoprotein, it needs a transmembrane co-receptor to mediate this effect. It has been shown that integrins are the most important transmembrane receptors associated with uPAR (15) , and in agreement with these observations, our earlier studies indicate that ␤1-integrin mediates the effect of uPA on the presynaptic terminal (19) . However, we failed to detect a role for this integrin on the effect of uPA on ezrin in the postsynaptic compartment. In contrast, we identified ␤3-integrin as the co-receptor that mediates the effect of uPA-uPAR binding on ezrin in the PSD. These data agree with observations by others indicating that integrins confer specificity to the signaling output of uPAR. Accordingly, our results show that although ␤1-integrin is the co-receptor for uPAR in the presynaptic terminal, ␤3-integrin mediates uPAR signaling in the postsynaptic compartment.
The recruitment of ERM proteins to phosphatidylinositol membrane-rich regions of the plasma membrane is the first step of a sequence of events that leads to their phosphorylation at conserved threonine residues (37) . We found that ␤3-integrin mediates the activation of ezrin by promoting both its recruitment to the PSD (mediated by ICAM-5) and subsequent uPA reorganizes the synaptic cytoskeleton phosphorylation at Thr-576. Importantly, ␤3-integrin may induce ezrin phosphorylation in neurons either directly following its activation (38) or indirectly through its association with ICAM-5 (21) . In either case, the most likely kinase that mediates this effect is the RhoA/ROCK kinase (39) , which is known to be activated by uPAR (40) .
ICAM-5 is a member of the immunoglobulin superfamily of intercellular adhesion molecules that is expressed in the postsynaptic terminal of excitatory neurons (23) . ICAM-5 promotes dendritic outgrowth (25) , and its interaction with ␤3-integrin induces synapse formation (22). Our data indicate that uPA induces ␤3-integrin-regulated ICAM-5-mediated ezrin recruitment to the PSD and that once in the PSD, ezrin promotes the reorganization of the actin cytoskeleton and the formation of new dendritic spines and dendritic branches.
The physiological and translational relevance of our findings is underscored by the finding that endogenous uPA-uPAR binding in the ischemic brain induces the recruitment of ezrin to the PSD of neurons located in the ischemic tissue and that ezrin-mediated reorganization of the actin cytoskeleton in the PSD leads to the recovery of synaptic contacts damaged by an acute ischemic injury. Remarkably, our observation that this effect is evident only when uPA is added 24 h after the hypoxic/ ischemic insult indicates not only that the delayed increase in uPAR expression is required for this reparative effect but also that there is a 24-hours window after the onset of the ischemic injury to promote synaptic recovery with ruPA.
In summary, based on the data presented here we propose a model in which uPA-uPAR binding induces the synthesis of ezrin in the synapse and the recruitment of ␤3-integrin to the PSD. We propose that this is followed by ␤3-integrin-induced recruitment of ICAM-5, ICAM-5-mediated mobilization of ezrin to the PSD, and ␤3-integrin-mediated ezrin activation. Our results indicate that once in the PSD, ezrin promotes the reorganization of the actin cytoskeleton and that this leads to the formation of dendritic branches and protrusions. Finally, we show that this sequence of events promotes the recovery of synaptic contacts that have been lost to an acute ischemic injury.
Experimental procedures
Animals and reagents
Animal strains were 8 -12-week-old male uPA-deficient (uPA Ϫ/Ϫ ) and uPAR-deficient (uPAR Ϫ/Ϫ ) mice on a C57BL/6J background and their WT littermate controls (a generous gift from Dr. Thomas H. Bugge from the Oral and Pharyngeal Cancer Branch, NIDCR, National Institutes of Health, Bethesda, MD). We also used a mouse strain developed by Dr. Bugge on a C57BL/6J background (Plau GFDhu/GFDhu ), in which a 4-amino acid substitution into the growth factor domain of uPA abrogates its binding to uPAR while preserving other functions of the protease and its receptor (27) . The experiments were approved, conducted, and reported following regulations of the Institutional Animal Care and Use Committee of Emory University, and guidelines from ARRIVE (Animal Research: Reporting in Vivo Experiments). Murine ruPA and uPA's N-terminal fragments (ATF) were purchased from Molecular Innovations (Novi, MI). Other reagents were ezrin Accell siRNA and scramble siRNA (Dharmacon, Lafayette, CO), puromycin (Sigma-Aldrich), rhodamine-conjugated nonmuscle actin (Cytoskeleton, Denver, CO), Dynabeads protein G, phalloidin Alexa 488, and phalloidin rhodamine (ThermoFisher), SuperSep Phos-tag gels (Wako, Richmond, VA), and antibodies against ␤3and ␤1-integrins, and an IgG isotype control (BD Biosciences, San Jose, CA), ERM and bassoon (Abcam, Cambridge, MA), pERM, and the postsynaptic density protein-95 (PSD-95; Cell Signaling, Beverly, MA), ␤-actin (Sigma-Aldrich), and ICAM-5 and uPAR (RandD Systems, Minneapolis, MN).
Animal model of cerebral ischemia
tMCAo was induced with a 6-0 silk suture advanced from the external carotid artery into the internal carotid artery until the origin of the middle cerebral artery (MCA) as described (20) . Briefly, a silicone-coated nylon monofilament (6-0; Ethicon) was introduced through the external carotid artery and advanced up to the origin of the MCA. The suture was withdrawn after 30 min of cerebral ischemia. Cerebral perfusion in the distribution of the MCA was monitored throughout the surgical procedure and after reperfusion with a laser Doppler (Perimed), and only animals with a Ͼ80% decrease in cerebral perfusion after occlusion and complete recovery after suture withdrawn were included in this study. The rectal and masseter muscle temperatures were controlled at 37°C with a homoeothermic blanket. Heart rate and systolic, diastolic, and mean arterial blood pressures were controlled throughout the surgical procedure with an IITC 229 System (IITC-Life Science, Woodland Hills, CA). To study the effect of uPA treatment on synaptic recovery in the ischemic brain, a subgroup of WT mice was intravenously treated with 0.1 mg/kg of ruPA or a comparable volume of SS 24 h after tMCAO.
Neuronal cultures and exposure to oxygen and glucose deprivation
Cerebral cortical neurons were cultured from embryonic day 16 -18 WT and uPAR Ϫ/Ϫ mice as described elsewhere (41) . Briefly, the cerebral cortex was dissected; transferred into Hanks' balanced salt solution containing 100 units/ml penicillin, 100 g/ml streptomycin, and 10 mM Hepes; and incubated in trypsin containing 0.02% DNase at 37°C for 15 min. Tissue was triturated, and the supernatant was resuspended in GS21supplemented neurobasal medium containing 2 mM L-glutamine and plated onto 0.1 mg/ml poly-L-lysinecoated wells. To test the effect of hypoxia on synaptic recovery, WT neurons were exposed during 5 min to OGD in a HypOxystation H35 chamber (HypOxygen, Frederick, MD) followed by recovery under physiological conditions in the presence of 5 nM of uPA added either immediately after the end of OGD or 24 h later.
Preparation of synaptoneurosomes
Synapse-enriched fractions containing the sealed presynaptic terminal and the attached postsynaptic membrane (synaptoneurosomes) were prepared according to a modification of published protocols (42) (43) (44) (45) from WT cerebral cortical neurons incubated 0 -60 min with 5 nM of either uPA or ATF or a comparable volume of PBS. The cells were homogenized and centrifuged at 2000 ϫ g for 5 min. The pellets were discarded, uPA reorganizes the synaptic cytoskeleton and the supernatants centrifuged in an SS-20 fixed angle rotor at 32,000 ϫ g for 10 min. The pellets were resuspended and layered on top of a 5, 9, and 13% discontinuous Ficoll (Fisher, Fair Lawn. NJ) gradient and centrifuged at 25,000 ϫ g for 25 min at 4°C in a TLS 55 rotor using a Beckman Optima TLX tabletop ultracentrifuge. Synaptoneurosomes were collected from the 5/9% and 9/13% interfaces and then centrifuged at 35,000 rpm for 10 min. The pellet was resuspended in radioimmune precipitation assay buffer and used for Western blotting analysis.
Isolation of postsynaptic density extracts
To prepare PSD extracts, the left frontoparietal cortex of WT, uPA Ϫ/Ϫ , uPAR Ϫ/Ϫ , and Plau GFDhu/GFDhu mice was dissected after 30 min of either tMCAO or sham operation. To study the effect of uPA on the expression of ezrin in the synapse, WT and uPAR Ϫ/Ϫ cerebral cortical neurons were treated as described below under "Western blotting analysis." Cells and tissue were homogenized using a 5-ml tissue grinder, and the homogenate was centrifuged at 2000 ϫ g for 5 min to remove cell debris. The supernatant (S1) was transferred to a new tube and centrifuged at 32,000 ϫ g for 10 min. To prepare PSDenriched fractions, the pellet (P2) containing synaptoneurosomes was resuspended in 1 ml of a solution containing 150 mM KCl and 0.5% Triton and centrifuged at 275,000 ϫ g for 1 h. The pellets (P3) were washed again with 0.5 ml of 150 mM KCl and 0.5% Triton buffer and centrifuged at 275,000 ϫ g for 1 h. PSDcontaining pellets (P3) were lysed in 50 mM Tris-HCl, 0.3% SDS buffer for protein assay. To test the purity of these preparations, extracts were immunoblotted with antibodies against PSD-95 (detects the postsynaptic density), syntaxin-1 (detects the presynaptic membrane), and synaptophysin (detects synaptic vesicles). Our data indicate that these extracts are highly enriched for PSD-95 and have undetectable levels of both syntaxin-1 and synaptophysin (data not shown).
Proteomics
Proteomics studies were performed as described elsewhere (46, 47) in synaptoneurosomes prepared from WT cerebral cortical neurons treated for 60 min with 5 nM of uPA or vehicle (control; n ϭ 3 preparations/group). For pathway analysis, we used the DAVID Bioinformatics Database. Log 2 (uPA-treated/ control) values of the average protein intensity ratios were centered so that the fit gauss curve midpoint (mean) fell at 0. Log 2 values 1.96 standard deviations from the mean (changed with 95% confidence, with absolute value greater than 0.709) were considered as changing and these protein identities, and quantifications were considered in the corresponding analysis.
Western blotting analyses
Synaptoneurosomes were prepared from WT cerebral cortical neurons incubated for 0 -60 min with 5 nM of either recombinant murine uPA or its N-terminal fragment (ATF; devoid of proteolytic activity) or with uPA in the presence of 10 g/ml of puromycin. Whole-cell extracts were prepared from WT cerebral cortical neurons incubated 0, 30, and 60 min with 5 nM of uPA. PSD extracts were prepared from WT cerebral cortical neurons incubated either 0 -60 min with 5 nM of uPA, 0 -60 s with 5 nM of uPA alone or in the presence of either 4 g/ml of uPAR blocking anti-bodies, or 10 g/ml of ␤3-integrin neutralizing antibodies. For the in vivo experiments, PSD extracts were prepared from the frontoparietal cortex of WT, uPA Ϫ/Ϫ , uPAR Ϫ/Ϫ , and Plau GFDhu/GFDhu mice 30 min after tMCAO or sham operation. Protein concentration was quantified using the BCA assay, and 30 g (brains) and 15 g (cells) were loaded per sample, separated in a 4 -20% precast linear gradient polyacrylamide gel (Bio-Rad), transferred to a PVDF membrane by semi-dry transfer system, blocked with 5% nonfat dry milk in TBS, pH 8.0, with 0.1% Tween 20 buffer, and immunoblotted with antibodies against ezrin (1:1000), radixin (1:1000), moesin (1:1000), pERM (1:1000), ␤3 integrin (1:1000), and ICAM-5 (1:1000). The membranes were developed in a Li-COR Odyssey imaging system (Lincoln, NE). Densitometry analysis was performed in each band using the Image Studio (Li-COR). All values were normalized to actin and either to its own control or to values obtained in nonischemic samples (for the in vivo experiments).
Phosphate affinity SDS-PAGE gel
Synaptoneurosomes and whole-cell extracts prepared with radioimmune precipitation assay buffer from WT cerebral cortical neurons treated 0 -60 min with 5 nM of uPA were loaded (40 g) onto a phosphate affinity SDS-PAGE gel and electrophoresed at 50 V during 4 h. Then gels were washed three times for 20 min with 1 mM EDTA to remove manganese ions, transferred in a semi-dry tank at 150 mA, blocked with 3% BSA, and incubated with antibodies against ezrin (1:1000) or radixin (1:1000). The membranes were developed, and the intensity of the bands was quantified with the Li-COR Odyssey Imaging System.
Live actin polymerization assay
Actin polymerization was studied with a modification of a protocol described elsewhere (8, 48) . Briefly, WT cerebral cortical neurons were treated with 25 nM of either ezrin siRNA or scramble siRNA (Sc-siRNA). Ezrin down-regulation was confirmed 72 h later with immunostaining with anti-ezrin antibodies. Cells from both experimental groups (ezrin siRNA-and Sc-siRNA-treated) were incubated for 60 min with 5 nM of uPA or a comparable volume of vehicle (control), followed by 1 min of incubation with 1 M fluorescein phalloidin in the presence of permeabilization buffer (pH 7.5) containing 20 mM Hepes, 138 mM KCl, 4 mM MgCl 2 , 3 mM EGTA, 0.2 mg/ml saponin, 1 mM ATP, and 1% BSA. Then samples were treated during 4 min with 0.45 M rhodamine-labeled actin in the presence of fresh permeabilization buffer. At the end of the experiment cells were fixed with 4% paraformaldehyde. Images were taken with an Olympus microscope 1 ϫ 83 at 40ϫ magnification, and the number of rhodamine-actin-positive dots and the area positive for rhodamine-actin were quantified with ImageJ in dendrites of control and uPA-treated neurons. Heat maps were obtained with the HeatMap histogram plugin of ImageJ.
Immunohistochemistry
To determine the synaptic compartment where uPA increases the expression of ezrin, WT cerebral cortical neurons were treated 0 -60 min with 5 nM of uPA or a comparable volume of vehicle (control). To study the effect of hypoxia on the synapse, WT neurons were exposed to 5 min of OGD conditions, as uPA reorganizes the synaptic cytoskeleton described above, and treated with 5 nM of uPA either immediately after OGD or 24 h later. To study the co-localization of ezrin and ICAM-5, WT cerebral cortical neurons were treated 60 min with 5 nM of uPA or vehicle (control). To study the effect of treatment with ruPA on synaptic recovery after tMCAo, WT mice were intravenously treated with ruPA or saline solution 24 h after tMCAO, and the brains were harvested 3 h later. For the in vitro experiments, cells were fixed with 4% paraformaldehyde, washed three times in TBS, and incubated for 30 min in a blocking solution containing 1 ml of 0.2 mM glycine, 20 l/ml casein, and 5 l/ml donkey serum. Then samples were kept overnight on a solution containing anti-ezrin (1:1000) and either anti-PSD95 (1:200), anti-bassoon antibodies (1:2000) , anti-ICAM-5 (1:200), or anti-PSD-95 and anti-bassoon antibodies (to quantify synaptic contacts in the cells exposed to OGD). Secondary antibodies were antigoat Alexa Fluor 488 (1:500) and anti-rabbit Alexa Fluor 594 (1:500). The number of ezrin/PSD-95-, ezrin/bassoon-, PSD-95/bassoon-, and ezrin/ICAM-5-positive puncta were quantified with ImageJ without plugins in pictures taken with a Fluoview FV10i confocal laser-scanning microscope (Olympus) at 40ϫ magnification. The images were processed using 2D deconvolution with five itinerations technique incorporated on the CellSens Dimension Olympus software. To study the effect of uPA on dendritic spines formation and dendrite branching, WT cerebral cortical neurons were incubated 0 -60 min with 5 nM of uPA or a comparable volume of vehicle (control). A subgroup of neurons was previously treated with ezrin siRNA or scramble siRNA as described above. At the end of the experiment, the cells were treated with phalloidin (1:1000) and Hoechst (1:10,000). The images were taken in an Olympus microscope IX83 and a DP80 camera at a 40ϫ magnification. The number and length of filopodia were quantified with ImageJ without plugins. To study dendritic branching we quantified the number of intersections every 10 -90 m away from the soma in pictures taken from complete cells from low-density cultures at 10ϫ magnification, using the Sholl analysis plugin of ImageJ. For the in vivo experiments brains were fixed, cut onto 30-m slices, incubated for 2 h in 0.5% Triton/TBS, and kept overnight in the presence of antibodies against PSD-95 (1:100) and bassoon (1:1000), followed next day by the addition of secondary antimouse Alexa Fluor 488 (1:500) and anti-rabbit Alexa 594 (1:500) antibodies for 1 h. The images were taken with a 60ϫ lens at bregma: 0.02 mm, lateral: 2 mm and ventral: 1 mm (49) using a Fluoview FV10i confocal laser-scanning microscope (Olympus). The number of PSD-95/bassoon-positive puncta was quantified with the plugin puncta analyzer of ImageJ.
Statistical analysis
Statistical analysis was performed with one-or two-way ANOVA with Dunnett's corrections, as appropriate. The p values of Ͻ0.05 were considered as significant.
